Slender cylindrical members form the major components of many of the coastal and offshore structures. These members are frequently subjected to breaking wave impact which often resulted in damages and failure of structures. In order to overcome this intricacy, it is essential to understand the physics of the breaking wave impact on offshore structural members and the resulting induced critical stresses. An experimental investigation has been carried out to measure the effect of breaking wave impact on a slender vertical cylinder. Simultaneous qualitative visual observations and quantitative pressure measurements were made to appreciate the impact induced effect. The induced impact pressure on the cylinder varies with the intensity of wave breaking and the relative location of the cylinder. The impact pressure is maximum when the wave profile reaches its maximum steepness just before the crest destabilization. Impact pressure observed due to a severe plunging wave is about nine times higher than due to spilling. The pressure rise time is found to be an important parameter in dictating the nature of impact.
greatest impact pressures tend to be highly localized in both space and time and are produced when the wave crest front is almost parallel to the wall at the instant of impact (Kirkgoz 1990) . If the wave overturns and strikes the wall, the trapped air pocket dominates the dynamics of impact. Whereas, if the wave has already broken, large quantities of air entrain into the water column and turbulent airwater mixture collide with the wall. In both situations, the compressibility of the trapped or entrained air affects the impact dynamics and is often thought to reduce the maximum pressure due to cushioning effect. However, a trapped air pocket tends to impart the impact pressures on a larger region and hence, the overall force on the wall might be critical (Peregrine et al. 2004) . The pressure impulse, in this case, might be increased due to rebound (Wood et al. 2000) . A high variability of the magnitude of impact pressures due to nearly identical incident wave conditions suggests that the nature of the impact pressures is sensitive to small changes in the local wave kinematics (Chan et al. 1995) . The impact force was found to depend on the distance between the breaking location and cylinder, breaking wave kinematics and the entrapped air dynamics (Wienke and Oumeraci 2005, Chan and Melville 1988) . The zone of impact location spans over a distance of about 0.2L c , where L c is the characteristic wave length of the breaking wave. The systematic classification of breaking waves before impact and during impact was made based on the shape of the breaking wave and air entrainment by Chan and Melville (1988) , Oumeraci et al. (1993) and Chan et al. (1995) . The photographs were used for the classification of plunging impacts (Chan et al. 1995 , Hattori et al. 1994 . Simultaneous measurements of the impact pressure and the breaking wave shape during impact reveal that the air trapped between the wall and the wave plays a predominant role in the physics of high impact pressure (Hattori et al. 1994) .
In the present paper, a systematic study on breaking wave impact on a vertical cylinder by varying the intensity of breaking is carried out. The main objective is to understand the phenomenon of breaking wave impact on a vertical cylinder using pressure measurements and video observations. The characteristics of the impact pressure time history which includes the pressure maxima and variability in terms of the intensity distribution have been analysed. The impact on the cylinder positioned at various relative locations is considered. A relation between the intensity of breaking with the magnitude of the impact pressure is proposed. The magnitude of wave impact has been compared with that on a vertical wall from the past studies. The pressure rise time during the impact by various intensities of breaking waves is presented and correlated with the maximum impact pressure.
EXPERIMENTAL INVESTIGATION
The experiments were conducted in a well controlled programmable wave generation facility, 30m long, 2m wide and 1.8m deep wave flume, at Department of Ocean Engineering, Indian Institute of Technology Madras, India. The wave flume has piston type wave maker at one end and rubble mound wave absorber at the other end. The laboratory investigation was carried out in a constant water depth of 0.8m.
The simulation of breaking waves was accomplished by constructive interference of wave components (Chan and Melville, 1988) . Following the simulation procedure, the desired signal to the wave maker was computed by combining 28 sinusoidal wave components within the frequency range from 0.42 Hz to 1.10 Hz. The salient parameters that determined the simulated wave packet are given in Table 1 . The wave components have been derived from the constant-steepness spectrum. The wave breaking was induced at 8.2m (x b ) from the mean position of the wave paddle and the time of breaking (t b ) was 14.7s. The intensity of breaking from spilling to plunging was achieved by increasing the overall wave amplitude so that, the steepness of the individual wave components within the wave packet was kept constant. The increase in the amplitudes enhances the overall energy level in the simulated wave packet. Simulation of plunging waves of five different intensities, spilling with two different intensities and a non breaking incipient wave has been achieved by the systematic variation of the wave amplitude. Table 2 presents the wave amplitude of centre frequency component and the steepness parameter (γ = Σa i k c ) for the simulated breaking events. The centre frequency wave component amplitude corresponds to a plunging wave with maximum possible breaking intensity in the given wave packet is 0.0078cm. The measured maximum breaking wave height for the strong plunging wave (P1) is 29.44cm using down-cross analysis and the crest amplitude is 25.94cm.
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Laboratory Measurements Of Breaking Wave Impact Pressures On A Slender Cylindrical Member Table 1 Parameters adopted for the simulation of breaking wave. Table 2 Wave steepness parameter (γ), amplitude corresponding to centre frequency (a c ) and measured breaking wave height (H b ) for different intensities of breaking waves.
The cylinder model of 0.16m diameter is chosen. The induced pressures on the cylinder were measured using 0.5 bar Kistler type underwater pressure transducers. A total of eleven pressure transducers was placed along the cylinder facing the wave front. There were six pressure transducers positioned above the still water level (SWL), the seventh transducer at SWL and four transducers were positioned below SWL. The top nine pressure transducers were uniformly spaced at 5cm spacing and the last three transducers were spaced at a spacing of 15cm. The pressure transducers were screwed from the inner side of the PVC pipe such that the flat front face aligned with the outer surface of the cylinder. The data sampling was made at 40 kHz through a 16-bit IOTech wave book data acquisition system. The sectional view of the experimental setup is shown in Fig. 1 . The positions of the pressure transducers on the vertical cylinder are shown in Fig. 2 . For the considered fixity arrangements, the natural frequency of the cylinder was measured to be 5 Hz using an accelerometer. 
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A wave probe was kept parallel to the front face of the vertical cylinder to measure the in-phase wave elevation. The surface elevation was sampled at 100Hz. A reference wave probe (wp1) was positioned at a distance of 6m from the wave paddle for triggering the data acquisition system for pressure measurement. The pressure sampling duration was 0.5 sec before triggering and 2.5 sec after triggering such that the pressure was measured for at least one characteristic wave period spanning the duration of wave breaking event. The video camera was placed on top of the flume along the line of cylinder location parallel to the wave crest as shown in Fig. 3 . Sony DVD810E model was used for recording video at a sampling frequency of 25 Hz. 
Analysis
Under different intensities of breaking wave incidence, the induced dynamic pressures on the cylinder above and below SWL were measured. For each type of breaking wave, the tests were repeated with the vertical cylinder positioned at various locations, i.e., 8m, 8.1m, 8.2m and 8.3m from the mean position of the wave paddle. The video analysis has been carried out to understand the effect of the relative breaking wave profile during the breaking process on impact pressure. This has been carried out by the video frame by frame analysis of free surface profile relative to the cylinder and then, correlated with the time history of induced pressure on the cylinder. This provides an understanding about the breaking wave process with the induced peak pressure on the cylinder.
The repeatability of wave breaking from the corresponding surface profile till the time of wave breaking has been ensured from the five repeated recordings. Similarly, the wave induced pressure on the cylinder has been measured repeatedly for three times. The mean (µ) and coefficient of variation (c v ) of breaking wave surface elevation as well as coefficient of variation of pressure time history during the impact duration are presented in Table 3 . c v is defined as the ratio between standard deviation and the mean.
A duration of five seconds was considered from the video recordings captured before and after the breaking wave impact. The image processing toolbox of MATLAB was used to analyze the video frames. The reference line is marked at 8.2m. The reference level was set before the first wave reached the cylinder. The consecutive frames were read and the change in water surface elevation in each of the frames was earmarked physically with respect to the reference line. This procedure is repeated until all the frames were readout and the wave profile was thus obtained from the video. The comparison of water surface elevation from the wave probe and the video during the incidence of plunging type 1 is shown in Fig. 4 . The reference time for the video was set from the wave probe near the cylinder model so that there was no time lag between the video frames and the wave probe measurement. The phase lag between the video observed wave profile and the physical measurement might be due to the crest destabilization and hence, the brightness of the surface changes. A reasonable comparison provides the confidence of correlating the induced pressures with the observed wave surface profile before and during the impact. locations with reference to the plunging process. The maximum impact pressure (p imp /ρC 2 ) of 11.3 was induced while the cylinder was kept at 8.2m from the wave paddle, i.e., the location of wave breaking after which the wave deforms. The maximum impact was observed at 0.2m (z/H b =+0.68) above SWL. This observation of the maximum impact above SWL is similar to Chan et al., (1995) and Chanson and Fang (1997) . For single peaked impact on a vertical wall, p imp /ρgH b was reported to be greater than 10 by Cooker and Peregrine (1992) and Hattori et al. (1994) . Bogaert et al. (2010) reported the maximum impact pressure as 17.5 and classified the event as smooth impact since the pressure oscillations were observed due to the presence of small air pocket. In the present study, the normalized maximum impact pressure is of the order of 16.7 for the measured maximum breaking wave height (H b ) of 29.44 cm. In the earlier studies, the impact pressures on the wall were measured after the formation of air pocket on the wall. For the cylinder location at 0.1m behind the wave breaking point, the normalized impact pressures is 11.6, in which case, an air pocket has been formed on the cylinder during the impact duration. Table 4 provides the maximum observed impact pressure from the present and past studies.
The maximum impact pressure (p imp /ρgH b ) was observed to be 13.5 on the vertical wall (Rajasekaran et al., 2010) before air entrainment subjected to the breaking waves under similar laboratory conditions. Even though breaking wave simulation and location of the structure remain same for both vertical wall and cylinder, the decrease in the impact pressure on a vertical wall might be due to the blockage effect of the wall and hence, some energy has been spent on redirecting the wave. At elevations less than 0.7H b , the dynamic pressure oscillation is found to occur with magnitudes less than 1.5ρC 2 and the pressure rise time up to 0.21T c . The reason for the occurrence of dynamic pressure oscillation is due to air entrainment and hence observed at active air bubble region above SWL up to z/H b =0.34. For further analysis of impact nature of pressure, the following conditions are considered.
i) The pressure rise time (t r ) to reach the peak pressure must be much shorter than the wave period (T c ) and it is taken as less than one-tenth of the pressure rise time of a dynamic pressure field (i.e., 0.025 T c ). Grune (1988) considered the corresponding limit as 0.1T c . ii)
Magnitude of impact pressure should exceed 1.5ρgH b . Table 4 Maximum breaking wave induced impact pressure on the vertical wall and the slender cylinder.
In the first set of experiments, the cylinder was positioned at various locations with reference to the breaking wave process to identify the location at which the maximum impact has occurred on the cylinder. Fig. 6 presents the variation of impact pressure intensity on the cylinder with respect to the cylinder location. The impact pressure is normalised with ργC 2 and γ is adopted for the normalization additionally, to distinguish the effect due to plunging and spilling. The pressure is found to be maximum at x * =0 (x * =(x-x b )/L c ) i.e., the location at which either the initiation of the jet forms in the case of plunging or the crest collapses in the case of spilling. The increase in the intensity of impact while the cylinder was shifted towards the breaking location from its upstream side, indicates the built up of energy . The nature of pressure drop immediately after the breaking location depends on the intensity of breaking which is represented in terms of wave steepness parameter (γ). The rate of decrease in the pressure intensity is higher for P1 event than P2 and P3. This has been due to the wave breaking process. P1 wave collapses its energy within a narrow region and hence, the intensity of impact was more as well as the impact was observed over a higher elevation. A weak plunging (P5) or a spilling (S1) wave collapses over a wider region (along the wave propagation direction), i.e., the energy dissipation occurs over half wavelength. The magnitude of impact is less severe and the region of impact is also shallow. Double peak in the pressure time history has been observed while the cylinder was positioned at 8.3m (x * = 0.037) from the mean position of the wave paddle, i.e., on the downstream of breaking location. The ratio between the maximum breaking wave induced pressure to non-breaking wave induced pressure is 8.8 (Fig. 7) . Following earlier definition of impact, it can be seen that the plunging produced by a steepness parameter more than 0.5451 (γ=0.5773, 0.5702, 0.5541, 0.5451) only could impart impact type pressure. The video snapshots are classified as just prior to plunging, at the time of breaking and after breaking. The frames depicting the breaking wave interaction with the cylinder for P1 when the cylinder is located at the breaking point (x * =0) are shown in Figs. 8a-c. The wave crest formed just before the cylinder can be seen in Fig.8a , and the crest evolves and moves forward to strike the cylinder in Fig. 8b . This frame corresponds to the time of breaking, t b (t b = 14.7s) and hence, it is the point of jet formation from the crest. The times of occurrence of maximum surface elevation (representative of visual observation of breaking wave height) observed from video and the maximum induced pressure have been found to be in close agreement and are presented in Table 5 . In the consecutive frame, the deforming wave front moves beyond the cylinder. The pressure was suddenly dropped at z/H b =0.68 from the maximum impact intensity of 11.3 for t * > 0. The heavy splashing of water and the formation of bubbles after the plunging process can be seen after 80ms of time of wave breaking. In the above process, a distinctive maximum impact transpired on the cylinder.
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After plunging (t=14.73s) Fig. 8(a-c) . Video footages during plunging type 1 (P1) impact on the cylinder while at the wave breaking location.
Double peak pressure
The nature of the induced pressure on the cylinder located at 8.3m (x * = 0.037) has been analyzed. A characteristic double peak occurrence in the pressure history within a close time interval has been observed. Even though the intensity of impact is found to be less than the previous cylinder location (@ x * = 0.0), it is of more interest due to the fact that the following peak might induce more damages while imparting on the already stressed (disturbed) system due to the first peak incidence. For example, while such wave imparts on the rubble mound breakwater, the first impact might rock the individual armour stone and the consecutive larger impact might displace the stone. Such kind of failure would yield towards catastrophe. This unique feature of double peak pressure was not observed on the vertical wall subjected to breaking wave impact. Table 5 Comparison of time of occurrence of maximum surface elevation (tp) between visual and physical measurements. Fig. 9 . Pressure exerted on the cylinder at x*=0.037 due to plunging type 1 wave incidence.
analysed through visual observation of relative free surface elevation on the cylinder. The video snapshots of breaking wave interaction with the cylinder while it was located at 8.3m (x * = 0.037) are shown in Figs.10a-b. These frames correspond to first and second peak pressure occurrence times at the elevation of 0.68H b . The first peak and second peaks occurred at t * =0.025 and t * =0.06, respectively. The jet formation starts at x * =0 and the wave crest starts curling down towards the downstream. The presence of first peak is due to the impingement of deformed wave front on the cylinder and the pressure could have continued to increase from this time due to further splashing up of air water mixture surging on the cylinder. But the cushioning effect of entrapped air pocket reduces the pressure intensity immediately after the plunging jet hit the cylinder. This reduction has sustained only for a short duration due to the release of enormous amount of energy during wave breaking. Fig. 10b shows the splashing when the air pocket incident on the cylinder. For P1 type, the induced impact pressure observed is 11.3 when the cylinder is at x * =0 and it is 9.3 at x * =0.037 which shows that point of initiation of jet formation of breaking wave yields higher pressure than due to the deforming breaking wave front. The wave elevation from the video corresponding to the second peak is 24.2cm while from the wave probe, it is 21.5cm. The difference of 2.7cm represents the presence of air pocket with a characteristic dimension of 2.7cm between the wave crest and the cylinder. The presence of air pockets dampens the pressure but increases the duration of impact. The ratio of first peak to second peak magnitude is more than 20% and hence it is important to consider both together in the design of coastal and offshore structural members. Also it is found that the presence of double peak pressure is due to presence of small air pocket while breaking. The wave is steepened by showing its asymmetric profile in which the wave crest evolves, builds up and a jet of fluid expels towards the front by trapping small air pocket at the considered time steps (t * ) -0.04, 0.0 and 0.04, respectively. The maximum impact pressure occurs with the fully formed wave crest and pressure gets decreased once the wave starts overturning, since the impact nature of pressure has been dampened greatly due to the presence of air water mixture. Fig. 11 presents the distribution of induced pressure along the elevation of the cylinder due to various breaking wave intensities (x * =0 and t * =0). The pressure is further normalized withg. The maximum impact pressure due to P1 occurred at an elevation of 0.68H b above SWL. The region of impact can be clearly earmarked to be much above SWL (z/H b > 0.51) and the impact was observed up to an elevation of 0.85H b . The impact magnitude is 1.2 times higher than due to P3 wave incidence and the region of impact is of similar order for the both types of plunging. Interestingly, irrespective of the wave intensity, a pressure maxima has been observed at SWL. The variation of maximum impact pressure (p imp ) with the wave steepness parameter (g) (Fig. 12 ) is found to be linear.
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First peak (t*(p(t))= 0.025, t*(video)= 0.037) Second peak (t*(p(t))=0.06, t*(video)=0.068) Fig. 10 . Video footages at the time of peak pressures for plunging type 1(P1) event while the cylinder was at 8.3m (x*= 0.037).
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The above equation dictates the limit of wave steepness parameter for the occurrence of impact load, i.e., for γ greater than about 0.5. For the vertical wall, Rajasekaran et al., (2010) has shown similar variation of impact pressure with different fitting coefficients.
Pressure rise time
The pressure rise time is defined as the time difference between the starting of pressure rise to the point of peak pressure. It plays a major role in the dictation of the magnitude of impact pressure and the resulting impulse. In the impact zone, pressure rise time is less compared to other locations (Wienke and Oumeraci, 2005) . The breaking wave events that induce impact type pressure according to the rise time have been considered for further analysis. Fig. 13 shows the relative variation of impact pressure induced by single peaked impact with the pressure rise time. The pressure rise time corresponds to the maximum impact event (P1, γ = 0.5773) is 0.00037T c . There are two distinguished clusters of events separated by one-order of rise time. The first cluster of events that has lower energy level than the other and are explained later using the pressure impulse concept. The pressure rise time is less than 0.025T c at elevations (z/H b ) from 0.5 to 0.94 (Fig. 14) and this region is thus defined as the impact zone. The intensity of impact pressure in the above region as discussed in the last section substantiates the above definition. The pressure rise time increases considerably on the above and below the impact zone. According to the definition of impact made here, P1 to P4 (γ = 0.5773, 0.5702, 0.5541 & 0.5451) have been observed to induce impact. The trend in the variation of impact pressure with the pressure rise time from the experimental studies of Kirkgoz et al., (1990) , Hattori et al., (1994) , Chan et al., (1995) and Rajasekaran et al., (2010) are comparable with the present study as shown in Fig. 15 .
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Pressure impulse
The nature of impact that can impart maximum energy on the structure has been understood from the principle of pressure impulse (I). The impulse is obtained from the time integrated pressure history over the rise time. The variation of impulse with pressure rise time for the impact events is shown in Fig.  16 . The relation between impulse and rise time is given by generalised form following the representation of Hattori et al., (1994) . It is observed that the magnitude of impact pressure increases exponentially with the decrease in the pressure rise time.
where, a = 0.007 and b= 0.86 for the present study in which p imp is expressed in MPa and t r is in ms. Table 6 presents the fitting coefficients a and b obtained from the past studies. The pressure rise time (t r ) for the maximum observed impact pressure (p imp ) of 0.047MPa due to P1 is of lowest order (0.00037T c ) and thus, the imparted impulse on the structure is much less. However, the less severe plunging, say P4 induces the impact pressure of 0.007MPa with a pressure rise time of 0.018T c and it imparts a larger impulse of the order of eight times more than that of P1. This phenomenon is demarcated by the well separated cluster of impact events with t r less than 0.001T c and above 0.01T c . Fig. 17 shows the variation of impulse with the wave steepness parameter (?) for various steep waves from incipient (non-breaking, NB) to severe plunging (P1). The rise time increases up to 0.21T c for the non-breaking wave incidence. The rate of increase in the impulse depends on the increase in the pressure rise time and the magnitude of peak pressure. The line of t r /Tc = 0.025 demarcating the impact zone shows an increase in the trend with the increase in the breaking wave steepness. A wider region has been exposed to impact in the case of severe plunging than the spilling event. In addition, the Table 6 Values of a and b in the model p imp = at r -b from various experimental studies.
impact events with larger rise time produces a larger impulse. The combination of above two criteria governs the design load on the cylinder. The variation of imparted energy on the cylinder in terms of impulse at various elevation (z/H b ) is shown in Fig. 18 . The impulse increases towards SWL (z/H b =0) while the pressure is maximum in the impact zone (z/H b =0.5 to 0.94). This is equivalent to the prediction of maximum design impact pressure by various proposed models by Bagnold (1939) and Minikin (1963) in which, the maximum pressure is prescribed at SWL. While designing vertical cylindrical offshore members, the importance thus should be given on the breaking events which possess high pressure impulse than on the sustainability of short lived impact pressure.
SUMMARY AND CONCLUSIONS
A well controlled laboratory investigation on wave impact on a slender vertical cylinder has been carried out under the incidence of different intensities of breaking waves. The effect of wave steepness at the time of breaking on the induced impact pressure is explored. Under the limit of impact nature of pressure, it is found to have a linear fit between the maximum wave steepness and the induced impact pressure magnitude. The impact pressure is maximum just before the instance of jet formation from the wave crest. The region of impact has been found to be at an elevation of 0.5H b to 0.94H b above SWL. The pressure rise time has been found to be short for the severe plunging event and induced maximum pressure intensity. However, the severe events were found to impart less energy on the cylinder. The video observation was used for classifying different stages of plunging impact. The nature of breaking wave impact on the cylinder depends on the intensity of breaking, relative location of the cylinder with reference to the breaking wave profile and the type of structure. The pressure variation along the elevation of the cylinder is similar to that induced on a vertical wall under similar laboratory conditions but the pressure intensity on the cylinder is found to be more. The occurrence of double peak in the pressure time history during the breaking duration is observed in the presence of an air pocket. This had happened while the cylinder was positioned just downstream of the breaking location. An exponential fit between the impact pressure and rise time is established. The pressure rise time due to a plunging wave formed at a lower wave steepness (γ = 0.5451) is greater than due to a plunging wave formed by the maximum possible wave steepness (γ =0.5773). This imparts lesser magnitude of impact pressure and larger impulse due to the former plunging wave than the latter. The impulse is maximum only at the still water level for all the events. The critical response due to the relatively less magnitude of breaking is of more importance while designing the structure. The occurrence of double peak impact might induce utmost failure due to subsequent loading cases in a shorter interval of time.
